Oxygen consumption and cardiac output (direct Fick) have been measured in normal dogs at rest and during graded exercise on the treadmill up to a work intensity of 5 mph and 10~. Systemic and pulmonary artery pressures have also been recorded. The changes in cardiac output produced 'at rest' by excitement were frequently as large as those induced by moderate exercise. A short bout of exercise followed by a rest period was far more efficacious in producing lower and more uniform results during rest and subsequent exercise than a prolonged rest period alone. Under such conditions the 'steady state' was reached in 3 minutes or less of exercise. The linear relation between oxygen consumption and cardiac output during exercise in the dog is similar to that observed in man, and in the horse. The possible significance of this similarity is discussed and it is suggested that the data are consistent with the hypothesis that the increase in blood flow during exercise is largely the increase in muscle flow with a constant arteriovenous oxygen difference of approximately 14 vol. %.
T ECHNIQUES
for the measurement of cardiac output in the dog running on the treadmill have been developed in this laboratory (I) .
With the determination of cardiac output in the unanesthetized, exercising dog, data are now available in three species (man, horse and dog) for the study of the regulation of the circulation during exercise, and for a re-evaluation of the factors controlling muscle blood flow. The present report: on the dog indicates that if excitement is excluded the close relation between oxygen consumption and cardiac output in this animal is similar to that seen in man and the horse. Furthermore the evidence herein presented is consistent with the hypothesis that at rest only a small fraction of the total blood flow through skeletal muscle actually passes through nutrient muscle capillaries, while most of the flow passes through non-nutrient: shunts. As the intensity of exercise increases, a larger and larger percentage of the total peripheral flow traverses nutrient muscle capillaries. This report, dealing with the normal dog, also provides a base line for studies of cardiac output and venous gradients during exercise in dogs with mild valvular heart damage and in dogs with frank congestive failure. METHODS Male, mongrel dogs, weighing from 18-27 kg who ran with ease on the treadmill were selected for these studies. Since masks did not appear feasible for respiratory studies in the dog during strenuous exercise, the animals were prepared for tracheal intubation by subcutaneous transplantation of the trachea at a preliminary operation.
Under general anesthesia a mid-line incision in the neck was made and the muscles, from the lower border of the larynx to several centimeters above the sternal notch, were displaced laterally.
The trachea was dissected free, and while thus elevated, the muscles were sewed behind it. At the same time both carotid arteries were transplanted subcutaneously between the trachea and the external jugular veins.
After convalescence the animals were trained to lie quietly on the fluoroscopy Mixed venous and arterial blood samples were drawn simultaneously in heparinized, oiled syringes continuously over nearly the entire period of collection of expired air. The blood specimens were stored in an ice bath, and then analyzed as quickly as possible for 02 content by the method of Van Slyke and Neil (2) .
In hot weather a fan was placed at the side of the treadmill to blow a stream of air through the dog's mouth in order to increase the evaporation of saliva and to avoid any complicating hyperthermia in the dogs whose respired air passed through the tracheal cannula rather than over the tongue.
of 36.8 l/min. with a respiratory quotient of 1.07).
With the onset of very mild exercise (3 mph on the level) while the animal was still excited, cardiac output rose to 7.1 l/min. with an oxygen consumption of 468 ml/min. Heart rate rose abnormally high for such a light work load (180 beats/min.) and ventilation increased to 48 l/min. Following duplicate determinations of cardiac output at 3 mph the OBSERVATIONS animal was allowed to rest for 30 minutes.
After this rest period, and when the dog was Effect of Excitement on Cardiac Output at more relaxed, cardiac output was only 2.4 l/ Rest and During Exercise. In preliminary min. at a time when the oxygen consumption experiments the changes in cardiac output produced by excitement in the 'resting' dog was only slightly less than in the first 'resting' were frequently noted to be as large as those determination. Ventilation was now only 7.3 l/min. with an R.Q. of 0.75 and heart rate 78. induced by moderate exercise. Furthermore, the effects of excitement were apparent during mild exercise as well as in the 'resting' dog, making comparisons of circulation and metabolism during increasing work loads meaningless. The magnitude of the effects produced by excitement are illustrated in figure I . In this experiment, cannulations having been completed, the dog was placed on the treadmill for the resting measurements. The initial 'resting' cardiac output of 4.4 l/min. seemed high for this well-trained dog. Under these conditions it was usual to find several clear indicasame work rate as in the first bout (3 mph on the level) cardiac output rose to a value that was slightly less than that of the first 'rest' period, and only $3 % of the output during the first bout of exercise, while oxygen consumption was 90% of that measured in the first bout of work. Heart rate was 148 (in contrast to 180) and ventilation only 50% of When the animal was again exercised at the that noted previously. Even at 3 mph and IO' when the average oxygen consumption was 740 ml/min., cardiac output was 12 % less than that observed during the first bout of exercise tions of excitement, e.g. a) restlessness, b) relative tachycardia (90 beats/min.), and c) Simply prolonging the time of preparatory standing on the treadmill was not effective because this enforced inactivity simply enhanced the excitement in those animals that were eager to run. Far more efficacious was a short bout of mild exercise followed by a rest period. Results were more uniform and lower during rest and subsequent exercise than those obtained after a prolonged rest period alone. For example, in one dog (dog I-table I) standing on the treadmill cardiac outputs were 3.6 and 4.0 l/min. on one occasion, with values of 4.1 and 3.9 one month later. These outputs were, on the average, only slightly higher than three consecutive measurements performed on the same dog under pentobarbital anesthesia. When the stage of excitement in early anesthesia had passed the cardiac outputs were 3.4, 3.9 and 4.3 l/min. Therefore, for the later experiments, the dogs were first walked at 3 mph-o" for 3 minutes and then allowed to rest for 30 minutes before the first resting cardiac output determination was started.
'Steady State'. Determination of the cardiac output by the Fick principle assumes that the arterial and venous specimens have sampled the blood which absorbed the oxygen removed from the gas phase in the lungs. Theoretically, therefore, blood flow through the lungs can be determined under most conditions by simultaneous measurements of oxygen absorbed, and the arteriovenous oxygen difference. In practice instantaneous samples are difficult, if not impossible, to obtain. The validity of the values obtained by the Fick method can only be accepted with complete confidence when the subject is in the steady state, i.e. when the rate of oxygen consumption is relatively constant, and when the arteriovenous oxygen difference is not varying significantly. Furthermore only under these conditions is the measured oxygen consumption equal to the oxygen consumed by the tissues. Moreover, in order to compare values obtained in various laboratories for specified degrees of activity, the determinations should be done under comparable conditions. Again, this is feasible only in the 'steady state. ' To determine the length of time necessary to attain the steady state in exercising dogs, two consecutive cardiac output determinations were made during each work load. The first sampling was started after the dog had been running for 3 minutes, and the second some 3-5 minutes after the completion of the first measurement. Agreement between these values was good at all work intensities (table 2) and the respiratory quotients were normal, indicating that the steady state was reached in less than 3 minutes even during work at 5 mph--IoO. In addition cardiac output varied relatively little even during a do-minute run at 3 mph on the level in one dog (dog 288 and 263 ml/kg/min. -table   2 fig. 2 ). The increased oxygen requirements of exercising muscle were met by a) a rise in cardiac output and b) by an increase in arteriovenous oxygen difference. For example, with an elevation of oxygen consumption from 200 ml/min. at rest to 1400 ml/min. at 5 mph----IO' (dog z-table I) the sevenfold increase of oxygen consumption was met by a threefold rise of cardiac output (4.0 to 12.1 l/min.), and a 2.3-fold increase in arteriovenous oxygen difference (so.5 to I 15 ml/l).
The linear relation between cardiac output and oxygen consumption for six dogs at rest and during exercise is illustrated in figure 3 . Over the range studied, the equation of the line as determined by the method of least squares is:
. Qb = 6.95 v02 + 1.85 where ob is cardiac output in liters per minute and To, is oxygen consumption in liters per minute.5 The curve does not pass through the origin, but with each increment in oxygen consumption there is a constant rate of increase in cardiac output, i.e. cardiac output goes up 7 liters for each liter rise in oxygen consumption. 6 Since the standard error of the slope is 0.44 there is only one chance in IOO that the slope differs by as much as rt 1.20. However, this rise in cardiac output alone was not sufficient to supply the oxygen consumed. As indicated above, the arteriovenous oxygen difference increased in hyperbolic fashion as illustrated in figure 4 , taken from the data of dog I.
Heart rate rose progressively with increased work load (table I and fig. s ), but varied considerably from animal to animal at rest and with each work load. For example, heart rates ranged from 72-11 I during standing, and 148-204 at 3 mph and IO'. This variability of heart rate is reflected in the stroke volume (table I and fig. 6 ). The stroke output of these well-trained dogs of approximately the same size varied from 25-47 ml/beat during quiet standing. The changes observed during exercise again differed considerably from animal to animal. Stroke volume increased 72 % (25 ml/beat to 43 ml/beat) in one dog (4) going from rest to 4 mph--IO', while that of dog z increased 36 % (31 ml/beat to 42 ml/beat) for the same work span. In dog 3 no change in stroke volume was observed with exercise up to 3 mph-IO'. Stroke output remained about 30 ml/beat while cardiac output rose from 2.4 l/min. to 6.1 l/min., with heart rate increasing from 78 to 204. It is noteworthy that in this same dog excitement was associated with a stroke volume of 49 ml/beat. rate ( fig. 5) . A small cardiac output could be met by a small stroke volume and a high heart rate, or vice versa. As the work intensity rises and the cardiac output increases the spread of the stroke volumes tends possibly to become smaller.
In the few determinations made, the changes in mean, systemic blood pressure were not large (table I) . Total peripheral resistance (table I) fell with the onset of exercise (one exception) and fell progressively as the intensity of work increased. Mean pulmonary arterial pressure (measured against atmospheric pressure) remained relatively constant even during exercise requiring a three to fourfold increase in cardiac output.
Energy Expenditure and Efficiency During Exercise. The energy cost for the dog of transporting I kg I m horizontally has been calculated by subtracting the energy cost of standing from that measured while the dog walked at 3 mph on the level (80.5 m/min.). The energy cost, in terms of heat production per kilogram meter ascribable to walking on the level varied from 0.42-0.92 Cal. with a mean of 0.67 Cal/kg m. The energy cost of performing I kg m work of elevation on the grade at 5" and IOO at 3 mph (work of ascent) was found to vary between 4.17 cal. and 7.58 cal. with an average value of 6.37 cal. The net climbing efficiency (caloric equivalent of work ascent divided by the difference between the energy cost of walking on the level and the energy cost of walking on the grade at the same speed) ranged from 31% to 56 %, with an average net climbing efficiency of 38 %.
DISCUSSION
The linear relation between the rise in cardiac output and the increase in oxygen consumption in the dog during exercise is apparent only if the effects of excitement are carefully avoided, and if the animals are in the 'steady state.' Even in well-trained animals, external evidence of excitement was associated, to a striking degree, with a high 'resting' cardiac output, as well as with an abnormally high output in relation to oxygen consumption during exercise. The dog's circulatory response to excitement is thus similar to that observed in man (3)*
The circulatory effects of excitement may persist for some time in the dog standing on the treadmill, and as has been indicated, a short bout of very mild exercise followed by a rest period is far more efficacious in producing lower and more uniform results during rest and during exercise than a prolonged rest period alone. The effectiveness of mild exercise in overcoming the hyperactivity of the circulation of the apprehensive subject has also been observed in man (4) . The lowered cardiac output in relation to oxygen consumption produced by preliminary exercise may be one of the benefits derived by atheletes from 'warming up' before a race.
The oxygen consumption of the dog standing on the treadmill is relatively high compared to basal oxygen consumption.
Zuntz has pointed out (5) rest, and that the increase measured on the assumption of the upright position was much larger than that seen in man. The average oxygen consumption of our dogs standing on the treadmill is 36 % above the average basal values found by Spencer et al. (6) in their 1% zo-kg dogs, which are in close agreement with Zuntz's observations. Similarly, our figures for oxygen consumption during exercise in dogs of equivalent size are only slightly lower than those of Zuntz.
th
Because of the dog's speed and endurance .e assumption has been made th .at his efficiency is considerably higher than that of man. Actually, as indicated in figure   2 , the oxygen consumption for various work loads (in kg m/min.) is not much lower than the earlier data of Smith (7) for man (broken lines), and the calculated net climbing efficiency of our dogs was only slightly above the more recent values reported by Erickson et al. (8) for trained men. It seems likely that the d iff erence in performance in exercise of man and dog can be attributed to the differences in the circulatory systems. For a given oxygen consumption the cardiac output of the dog is approximately 3 l/min. lower than that of man ( fig. 7 ) and this may account for the dog's superior performance. With the exception of the lower cardiac output for a given oxygen consumption the circulatory changes observed in the dog during graded exercise are similar to those reported by Bock and his colleagues (9) on a well-trained marathon runner. There is a linear correlation between the rise of cardiac output and oxygen consumption, a large increase in heart rate, with smaller changes in arteriovenous oxygen difference, and the smallest percentage change in stroke volume. The relative magnitude of the circulatory changes for one dog (I) has been schematically summarized in figure 8 . For the dog, the relation between cardiac output and metabolic rate over the range studied is represented by the equation:
The slope of the line is almost identical with the average slope found by Bock (9) for man .
(Qb = 7 & + 5) . The equation indicates that cardiac output rises 7 liters for each liter increase in oxygen consumption. This relation apparently holds for work performed by man on the treadmill or bicycle ergometer, and is true regardless of the method used for determining cardiac output, as shown in figure 9 . These data are gathered from the references cited in the legend of figure 9 . The horse is the only other species for which data on the cardiac output and oxygen consumption at rest and during exercise are available. The figures of Zuntz and Hagemann (IO) for the horse yield a similar relation between cardiac output and oxygen consumption (Qb = 7 vop + 11.35)/ The similarity of the slopes of the lines ( fig. 7) for dog, man and horse suggests that the regulation of oxygen consumption and circulation in exercise may be similar in the three species. The details of this regulation are not known. However, since increases in tissue oxygen consumption during exercise are met by increases in blood flow and by increases in oxygen extraction from the blood, it is of interest to see how each is related to oxygen consumption.
The relation between blood Aow (cardiac output) and oxygen consumption is linear, as has been shown ( fig. 3) . It is possible to examine also the relation between arteriovenous oxygen difference and oxygen consumption by solving simultaneously the Fick equation for cardiac output, and the equation for cardiac 6 Several of the values which appear to be in error, were excluded in this calculation.
If these figures were included the slope would be 8. 
The relation between arteriovenous oxygen difference and oxygen consumption is hyperbolic, and the data for one experiment plotted in figure 4 (dog -r) fits this equation with the best fit when K is 2.3. The above relation also indicates that as vo2 becomes larger the arteriovenous oxygen difference approaches 143 ml/l. or 14.3 vol. % (limit Cao&o, = 103/7 = 143 ml/l.). This figure, as a limiting value for arteriovenous oxygen difference in hard exercise agrees with the data of Christensen for man (I 2) .
At first glance it may appear difficult to reconcile the linear relation between cardiac output and oxygen consumption, with the hyperbolic relation of the arteriovenous oxygen difference and oxygen consumption. However, these observations could be reconciled if the changes in blood flow during exercise were largely the increase in muscle blood flow with a constant arteriovenous oxygen difference of approximately 14 vol. % in this blood. Thus, arterial-mixed venous oxygen difference would approach 14 vol.% as a limit. The data presented here would be consistent with such a process. For example, if the assumption were made that 20 % of the cardiac output goes to muscle (skeletal and cardiac) at rest (13, 14) , and 80% to the other tissues of the body, and ? -Qb = Cardiac output in l/min.; VOW = oxygen Consumption in l/min.; Caoz = concentration of oxygen in arterial blood in ml/l.; Cvo2 = concentration of oxygen in mixed venous blood in ml/l. (II) . that during exercise the increase in cardiac output is entirely augmented muscle flow with a constant arteriovenous oxygen difference of 143 ml/l., the calculated mixed venous oxygen content agrees well with the observed values. Thus in experiment 2 of dog I the resting cardiac output averaged 4 l/min. Twenty per cent of this going to muscle would be 0.8 l/min., with 3.2 l/min. to the remainder of the body. If the latter portion remained relatively constant* then at 3 mph at o" the muscle blood flow would be 5.5 l/min. minus 3.2 l/min ., leaving 2.3 l/min. This is 42 % of the total cardiac output now going to muscle. Hence, if we assume that the arteriovenous oxygen difference in the nonmuscular tissue remains the same at rest (50 ml/l.), the mixed arteriovenous oxygen difference would be : Thus, the data in this paper would be consistent with the hypothesis suggested some years ago by Christensen (16) , that the venous oxygen content in muscle is relatively con- Cardiac muscle has been shown to have a relatively constant arteriovenous oxygen difference of [13] [14] [15] vol. %, with flow rising approximately sevenfold for a unit rise in oxygen consumption (19) . However, direct experimental evidence for a constant arteriovenous oxygen difference in skeletal muscle has been lacking. The arteriovenous oxygen difference is stated to be small at rest, and to increase with exercise (20, 2 I). Recently we (22) have noted that the arteriovenous oxygen difference in the hindleg of the unanesthetized dog was small at rest (4-7 vol . %), but with relatively mild exercise rose to I 2-15 ~01% and remained relatively constant as the work intensity was progressively increased. Furthermore, Andres, Cader and Zierler (23) by 10.220.32.247 on April 5, 2017 http://ajplegacy.physiology.org/ forearm muscles of man (brachial arterymedian cubital profunda vein) rises to 9-14 vol. % with light exercise. Similar observations have also been made by Love (24) . These findings in the dog and man, of a small arteriovenous oxygen difference in resting muscle, with sudden, large increase with mild exercise, could be explained on the basis of two channels for blood flow through skeletal muscle: a) nonnutrient shunts which carry most of the flow at rest, and which have a small arteriovenous oxygen difference, and b) nutrient muscle capillaries with a large, constant arteriovenous oxygen difference, and which carry a larger and larger percentage of the muscle blood flow as exercise intensity increases. Such nonnutrient shunts in muscle have been postulated by Pappenheimer (25) and Barcroft (13) on physiological grounds. Recently Zweifach (26) has described two channels for blood flow in muscle. At rest most of the muscle blood flow is through large interfascicular vessels, with only sporadic flow through nutrient muscle capillaries. In exercise the nutrient muscle capillaries open and more of the muscle blood flow is diverted through these vessels. The presence of two distinct channels for blood flow through muscle may well explain the discrepancy between the radioactive sodium clearance and the directly measured flow through muscle during body heating, and the correlation during exercise (2 7).
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